Mechanisms regulating sexual differentiation of the zebra finch song system appear to include both genetic and hormonal factors. Sorting Nexin 2 (SNX2), which is involved in trafficking proteins between cellular membranes, and androgen receptor (AR) mRNA are both increased in song control nuclei of juvenile males compared to females. Here, in situ hybridization for SNX2 and immunohistochemistry for AR were used to evaluate these sexual dimorphisms in more detail. Estimates of the total number of HVC cells expressing SNX2 and AR, individually as well as together, were greater in 25-day-old males compared to females. The densities of these types of cells were generally also increased in males compared to females in HVC and Area X (or the equivalent portion of the medial striatum in females). On average, more than half of the AR+ cells co-expressed SNX2 in both brain regions. The potential, therefore, exists for both AR and SNX2 to be involved in masculinization of these two brain regions. One possibility is that they, either separately or in conjunction, enhance the action of trophic factors within the brain. 
Introduction
Sex differences in brain and behavior have been identified in a wide variety of vertebrate species (e.g., Balthazart and AdkinsRegan, 2002; Cooke et al., 1998; Simerly, 2002) . Early exposure to gonadal hormones, testosterone or its metabolite estradiol in particular, commonly initiates the cascade of events that eventually creates a masculine adult phenotype. While the role of steroid hormones has long been established for a number of model systems, the ensuing cellular and molecular events are just now being identified (Forger, 2009; McCarthy, 2009; McCarthy et al., 2009) . Zebra finches are particularly useful for investigating this topic, as the neural circuit controlling their courtship song is well-defined and highly sexually dimorphic. Only males sing, and forebrain regions involved in learning and production of song, including the robust nucleus of the arcopallium (RA) and HVC (used as a proper name; Reiner et al., 2004) , are larger in volume and contain more and larger cells in males compared to females. Another region, Area X of the striatum, cannot be detected in females (reviewed in Wade, 2001; Wade and Arnold, 2004) .
These sexual dimorphisms in both structure and the capacity for function are permanently established in the first few weeks after hatching. Results from a variety of initial experiments were consistent with the idea that mechanisms are similar to rodents, in which testosterone secreted by the testes is metabolized in the brain to estradiol (via the aromatase enzyme), and this hormone is directly responsible for masculinization (reviewed in De Vries and Simerly, 2002) . For example, systemic estradiol treatment of zebra finch females shortly after hatching masculinizes the morphology of the brain regions, including increasing the volume of HVC by enhancing cell number and size and inducing a visible Area X, and it allows females to sing in adulthood (Adkins-Regan and Ascenzi, 1987; Arnold, 1997; Grisham and Arnold, 1995; Gurney and Konishi, 1980; Gurney, 1981; Konishi and Akutagawa, 1988; Simpson and Vicario, 1991) . A variety of results, however, have called the role of aromatization and estradiol into question. For example, the masculinization of estradioltreated females is not complete. Brain regions in these individuals do not reach the size of normal males . Treating males with estrogen synthesis inhibitors or estrogen receptor blockers during the posthatching critical period has not inhibited masculine development (Balthazart et al., 1995; Mathews et al., 1988; Arnold, 1990, 1991; Wade and Arnold, 1994) . Additionally, song system morphology and singing behavior are not masculinized in females that develop with substantial amounts of functional testicular tissue, even in the absence of ovarian tissue (Springer and Wade, 1997; Wade et al., , 1999 . While one characteristic -the projection of axons from HVC to RA -does seem to depend mainly on neural estradiol (Holloway and Clayton, 2001) , data are consistent with the idea that steroid hormones are insufficient to induce full masculine development.
We conducted a microarray study to indentify other potential, molecular, players in the masculinization process. Sorting Nexin 2 (SNX2) was among the genes that exhibited increased expression in males. On both the cDNA arrays, and using real-time qPCR on RNA extracted from a different set of juveniles, expression in the whole forebrain was approximately two times greater in males compared to females. In situ hybridization in 25-day-old birds, which is an age when males are beginning to learn their songs and is in the heart of sexual differentiation of song system morphology, revealed even larger sex differences in mRNA levels in HVC and Area X (or the equivalent portion of the medial striatum in females). These effects appeared quite specific, as expression of this gene was not sexually dimorphic in another song control nucleus (lateral magnocellular nucleus of the anterior nidopallium, lMAN) and was not detected above background in RA (Tomaszycki et al., 2009) .
No work on SNX2 has been conducted in birds; available reports are from mammalian and yeast systems. At least 25 sorting nexins have been identified in humans; the proteins are involved in trafficking through various cellular compartments. Members of this family of proteins each contain a PX domain. These sequences of around 100 amino acids bind phosphatidylinositol phosphates, thus targeting the SNXs to cellular membranes, such as endosomes, that are enriched in these phospholipids (reviewed in Worby and Dixon, 2002) . While some of the data are not fully consistent, SNX2 specifically is thought to be part of the retromer, a complex that mediates transport of transmembrane proteins between endosomes and the trans-Golgi network. Thus, it is involved in recycling of membrane proteins. The retromer, which contains a dimer of either SNX1, SNX2, or one of each protein, has been implicated in a variety of physiological and developmental processes, and defects can produce pathology including some forms of Alzheimer's disease (Bonifacino and Hurley, 2008) .
In zebra finches, SNX2 is located on a sex chromosome. Male birds are homogametic (ZZ) and females are heterogametic (ZW). SNX2 is on the Z-chromosome, and as dosage compensation in birds is limited (Itoh et al., 2007) , the potential for expression of Z-genes to facilitate masculinization is high. In addition, sexually dimorphic expression of SNX2 occurs in regions with androgen receptors (AR). Males have more AR than females in HVC and Area X by posthatching days 9-11 (Kim et al., 2004) . As with morphological features in these regions, exogenous estradiol in females increases the expression of AR in HVC and Area X, as well as lMAN (Kim et al., 2004; Nordeen et al., 1986) . Somewhat surprisingly, few estrogen receptors α are expressed in the song control nuclei, particularly in zebra finches, and the little expression there is appears equivalent in the two sexes (Gahr et al., 1987 (Gahr et al., , 1993 Gahr and Metzdorf, 1997; Jacobs et al., 1999) . Also, estrogen receptor β has not been detected in these areas (information on song nuclei is only available from starlings; Bernard et al., 1999) . While treatment of females with androgen alone has only modest and somewhat inconsistent effects on masculinization of the forebrain song circuit (reviewed in Wade and Arnold, 2004) , at least one study (Grisham et al., 2002) suggests that an estrogen-induced increase in AR is a critical step in morphological differentiation. In that experiment, the masculinizing effects of estradiol in developing females were almost completely prevented by concurrent administration with the androgen receptor blocker, Flutamide.
One explanation for the collective results from hormone manipulations is that estrogen triggers a cascade of cellular events leading to masculinization of the song control regions, and that one or more of these events requires the action of androgen. If so, females have sufficient endogenous androgen to allow substantial masculinization when they are treated only with estradiol (in fact, two studies suggest they have plasma levels equal to or higher than males during development; Adkins-Regan et al., 1990; Hutchison et al., 1984) . However, a lack of complete masculinization after even combined androgen and estrogen exposure (Jacobs et al., 1995) suggests that additional molecular mechanisms are involved.
The present study was designed to address the potential for interactions between SNX2 and AR by determining whether they are co-expressed in individual cells within the song circuit. A combination of in situ hybridization for SNX2 and immunohistochemistry for AR was used. If substantial colocalization exists, the genes/proteins could be involved in either the same or different pathways facilitating masculinization within a cell. In addition, if the pattern of coexpression differs in males and females, it would provide additional evidence that the interaction between SNX2 and AR could be important for the masculinization process.
Results
In HVC, estimates of the total number of cells labeled for AR protein (t = 6.12, p < 0.0001), SNX2 mRNA (t = 5.76, p < 0.0001), and double-labeled cells (t = 5.43, p < 0.0001) were all significantly greater in males than females (Figs. 1 and 2). In HVC, the densities of SNX2-(t = 3.65, p = 0.004), and double-labeled cells (t = 4.26, p = 0.002) were increased in males compared to females. The pattern was the same for AR+ cells, but this value did not reach statistical significance ( Fig. 3A ; t = 2.80; p = 0.019). In Area X, the densities of cells containing AR, SNX2
and AR + SNX2 were all greater in males than females (all t > 5.45, p < 0.0001; Figs. 3B and 4). Sex differences in the percentages of double-labeled AR+ cells and double-labeled SNX2+ cells did not differ between the sexes in either brain region (all t < 1.81, p < 0.103; Table 1 ).
Discussion
The present data document substantial sex differences in both SNX2 and AR in the HVC and Area X of juvenile zebra finches. In HVC, the estimated total number of cells expressing each individually, as well as those expressing both AR and SNX2, was greater in 25-day-old males than females. These values in males ranged from 9 to 13 times those in females, sex differences that are substantially larger than the approximately 2.25-fold difference in total number of cells previously reported for HVC at this age (Kirn and DeVoogd, 1989) . Thus, it seems reasonable to conclude that the sex differences in the number of HVC cells expressing AR, SNX2, as well as those positive for both markers, are not simply due to a general sexual dimorphism in cell number.
The densities of these cell types in HVC were also on average greater in males than females. Ratios ranged from 1.5 for cells that were only AR+ (which did not quite reach statistical significance) to 2.0 for AR + SNX2-positive cells. To address the question of whether this result simply reflected a dimorphism in cell density overall, we evaluated Nissl-stained brain sections from a previous study, as tissue was not Fig. 1 -Double-labeling of SNX (blue) and AR (reddish brown) in the HVC of male (A) and female (B) zebra finches. In A and B, arrows indicate the ventral and lateral borders of the brain region. Panel C depicts double-labeling in the male at higher power. Panels D and E show single-labeled in situ hybridization for SNX2 and immunohistochemistry for AR, respectively, from a different male. Note that labeling, especially for SNX2, tended to be lighter in females. Scale bars = 200 µm for the upper and 25 µm for the bottom panels. Fig. 2 -Stereologic analysis of AR-, SNX2-and AR + SNX2-labeled cell numbers in HVC. Estimates of these total cell numbers were all greater in males than females (***p < 0.0001).
available from the animals used here. Cells were counted in 20 µm sections from 25-day-old control males and females stained with cresyl violet (Tang and Wade, 2009 ). Boxes of 100 µm 2 × 100 µm 2 were used -four placed randomly within each brain region in five individuals of each sex, and the data were averaged within each individual. The pattern was reversed. That is, the average cell density in the HVC of females was 1.87 times that of males (t = 13.95, p < 0.0001). Similarly, in Area X, the densities of AR+, SNX2+ and doublelabeled cells were uniformly 3.3 times greater in males than females, and the estimated density of Nissl-stained cells was 1.51-fold greater in females (t = 3.26, p = 0.012). The dimorphisms in AR-and SXN2-expressing cells in both regions therefore cannot be due to general sex differences in cell density. Collectively, the present data are consistent with the idea that both AR and SNX2 may influence masculinization of these brain regions within the song circuit. As the percentage of AR+ cells co-expressing SNX2 was over 50% in both HVC and Area X (and more than 20% of SNX2+ cells also contained AR), considerable opportunity for interaction between these genes/ proteins also exists. However, as the sexes did not differ on the percentages of double-labeled cells in either brain region, the degree of any potential interaction between these factors is likely similar in males and females. Thus, the increase in overall expression of SNX and AR in males, as opposed to a sex difference in the specific nature of the relationship between them, may facilitate masculinization. The inset depicts a small portion from the male image in more detail; it includes a few double-labeled cells, as well as some single-labeled for AR (nuclei). Area X, which is ventromedial to the lamina pallio-subpallialis (LPS), is visible in the male, but cannot be detected from background in the female. While small numbers of positive cells were present in the medial striatum of females, as in HVC the labeling generally appeared lighter than in males. Scale bar = 200 µm. The present data on AR-like immunoreactivity are consistent with previous research on developing zebra finches. Kim et al. (2004) reported expression of AR mRNA in HVC and Area X by post-hatching days 9-11. Labeling is increased in males in these brain regions, and it can be modulated by estradiol availability. AR mRNA was increased in females treated with estradiol and decreased in males given an estrogen synthesis inhibitior. Gahr and Metzdorf (1999) , however, report that the initial sex difference in HVC AR mRNA detected on day 9 is independent of the direct action of gonadal steroids. Thus, the data collectively suggest that ARs are increased in the HVC and Area X of juvenile male zebra finches compared to their female counterparts. The sexual dimorphism, which at least for HVC extends into adulthood (hormone binding study: Arnold and Saltiel, 1979) , can clearly be modulated by posthatching estradiol availability. However, the initial difference in HVC AR between males and females might be regulated by estrogen synthesized in the brain and/or another factor, perhaps as expression of a sex chromosome gene such as SNX2.
As indicated in the Introduction, no information is available about SNX2 (or any member of the SNX family) in birds other than the male-biased sex difference in expression that we reported at post-hatching day 25. Species-specific cDNA microarray and qPCR detected the dimorphism in the whole telencephalon, and 33P-labeled in situ hybridization indicated specificity for HVC and Area X (Tomaszycki et al., 2009) . The magnitudes of the sex difference in SNX2 mRNA detected in that previous assessment of silver grain density in cross sections of Area X and in the present analysis of the density of digoxigenin-labeled cells the region are identical (3.2-fold). In HVC, the present study revealed 1.7 times the density of SNX2 expressing cells in males compared to females, less than the 7.4-fold difference detected for silver grain density over the region. However, such a difference is not necessarily surprising. The two techniques address different issues -distribution of labeled cells versus mRNA signal without regard to the position of individual cells in the brain region. The estimate of total number of SNX2 expressing cells in the HVC of juvenile males in the current experiment is 11 times that in females. Thus, overall, the present data are highly consistent with previous results and indicate relatively large sex differences in synthesis of SNX2 in the HVC of juvenile zebra finches.
Based on information from mammalian systems on SNX2, and related information from yeast, this protein is involved in the trafficking of membrane proteins. It is a component of the retromer, which functions at least in part to facilitate recycling of receptors to the cell membrane instead of to the lysosome for degradation (Bonifacino and Hurley, 2008) . While this area of research is relatively new and more interactions remain to be discovered, existing data indicate that SNX2 is involved in the sorting of tyrosine kinase receptors, including those for epidermal growth factor (EGF) and platelet-derived growth factor (PDGF). It therefore seems reasonable to speculate that SNX2 might mediate activity associated with tyrosine kinase B (trkB), the high affinity receptor for brain derived neurotrophic factor (BDNF), and/or vascular endothelial growth factor receptor 2 (VEGFR2), both of which have been implicated in song system plasticity.
TrkB mRNA (Dittrich et al., 1999) and protein (Wade, 2000) are present in the HVC of juvenile male and female zebra finches. BDNF mRNA has also been detected in juvenile males, and is upregulated by estradiol (Dittrich et al., 1999) . In adult canaries, which unlike zebra finches exhibit substantial seasonal changes in their songs and the morphology of song control regions, trkB is also present in the HVC of both sexes, and BNDF is detected in the HVC of males only (Rasika et al., 1999) . BDNF is involved in the regulation of neuronal replacement in this region, and in adult testosterone-treated females (which sing) HVC BDNF is increased compared to controls. In male canaries, HVC BDNF is upregulated by singing, and in parallel, the survival of new neurons is increased in singing birds (Li et al., 2000) . Similar results are seen in white-crowned sparrows (Wissman and Brenowitz, 2009) , such that BDNF is upregulated in HVC by the long days typical of spring breeding conditions. While the trophic factor is not detected in Area X, trkB is detected widely in the telencephalon, including HVC and Area X. Data from infusion and inhibition of BDNF in RA suggest that BDNF is important for seasonal plasticity of the song system in this species as well. T-treatment of adult female canaries also increases VEGF and its VEGFR2 receptor in HVC. This increase leads to increases in production of BDNF (Louissaint et al., 2002) . Song in T-treated female canaries is blocked with inhibition of VEGFR2, an effect that is reversed by increased expression of BDNF (Hartog et al., 2009 ). This inhibition also decreases the recruitment of HVC neurons (Hartog et al., 2009) .
In sum, while at present no evidence directly implicates SNX2 in the recruitment or survival of neurons in the song system, it is worth testing the hypothesis, and specifically the idea that this protein enhances the function of BDNF and/or VEGF by increasing the availability of their membrane receptors. As the present data indicate extensive co-localization of AR and SNX2 in both HVC and Area X, the association between the two should also be directly tested. If SNX2 is involved in masculinization, it may be that it and androgen independently affect particular aspects of song system development. However, it also seems reasonable to hypothesize that SNX2 modulates the brain's response to androgen, at least in part by potentiating the effect of steroid-modulated neurotrophins. Finally, as estradiol can at least partially masculinize numerous features of song system structure, neurochemistry and function (perhaps via some AR-mediated pathway; see above), the potential for more complex interactions among SNX2, steroid hormones and neurotrophins should be considered.
4.
Experimental procedures
Animals
Zebra finches were housed on a 12:12 light cycle in walk-in colony cages, each containing approximately 5-7 breeding pairs and their offspring. They were fed with standard finch seeds (Kaytee Supreme Fortified Daily Blend Bird Food, Chilton, Wisconsin) and had water available ad libitum. Spinach, orange juice, and bread mixed with hard-boiled chicken eggs were supplied weekly. Each aviary contained five nests (diameter 14 cm, height 13 cm) filled with wood chips and shredded paper. They were checked daily. When each hatchling was found was considered post-hatching day 1. Birds were toe-clipped at that time to provide unique identification, and then banded before fledging, which occurs within two weeks. All procedures were approved by the Michigan State University IACUC and followed conditions outlined in the NIH Guide for the Care and Use of Experimental Laboratory Animals.
Tissue collection
Birds were euthanized on post-hatching day 25 by rapid decapitation. Gonads were examined to determine the sex of each bird. The brains were removed from the skull and frozen immediately in cold methylbutane and then wrapped with foil and stored at −80°C. Tissue sections (20 µm-thick) were cut on a cryostat (CM3050 S, Leica Microsystems, Nussloch, Germany) and thaw-mounted onto SuperFrost Plus slides (Fisher Scientific, Hampton, NH). Six sets of slides containing alternate series of sections from the whole telencephalon were collected. Slides were stored at − 80 ºC with desiccant until further processing.
In situ hybridization and immunohistochemistry
The plasmid containing SNX2 (Tomaszycki et al., 2009 ) was isolated using Qiagen plasmid Maxi prep kit (Valencia, CA) and the template was linearized using XhoI and NotI (New England Biolabs, Ipswich, MA). T3 (antisense) and T7 (sense) probes were labeled and purified using digoxigenin (DIG) RNA labeling kit (Roche, Indianapolis, IN) per manufacturer's instructions. Probes were stored at −80°C until further use. Brain section sets from female and male birds were processed in a single run in coplin jars. They were gradually warmed to room temperature and then fixed with 4% paraformaldehyde for 10 min. In situ hybridization for SNX2 was conducted prior to immunohistochemistry for AR. Slides were prehybridized in TEA/HCl buffer (0.1 M Triethanolamine/ HCL, 0.9% NaCl, pH = 8.0) with 0.25% acetic anhydrate for 10 min and rinsed with phosphate buffered saline (PBS). Slides were incubated overnight at 55°C in the hybridization buffer (50% formamide, 4× SSC, 1× Denhardt's solution, 200 µg/ml herring sperm DNA, 10% dextran sulfate, 20 mM dithiothreitol, 250 µg/ml, 2 mM EDTA, 0.1% Tween-20) containing 200 ng/ml antisense digoxigenin-labeled probe. The tissue was washed in 2 × SSC for 2 × 5 min at 60°C, in 0.2 × SSC for 3 × 5 min at 60°C, and in MABT (100 mM maleic acid, 150 mM NaCl, 0.5% Tween 20, pH = 7.5) for 3 × 5 min at room temperature. Slides were then immersed in MABT with 0.9% H 2 O 2 at room temperature for 30 min and rinsed in MABT for 3 × 5 min. After blocking in MABT with 10% normal sheep serum, sections were incubated with anti-DIG-AP antibody (1 µl/ml) (Roche) in MABT overnight at 4°C. For development of colorimetric signal, slides were washed with MABT for 2 × 5 min and equilibrated with detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH = 9.5) before incubating in NBT/BCIP solution (4.5 µl/ml NBT and 3.5 µl/ml BCIP in detection buffer, both from Roche) for 1.5 h. The color reaction was stopped by rinsing slides with TE (1 mM EDTA, 10 mM Tris-HCl, pH = 7.5) for 3 × 5 min. One set of slides was treated with sense probe as a negative control; no labeling was detected.
After in situ hybridization, slides were washed with PBS for 3 × 5 min, blocked in PBST (PBS with 0.03% triton-x) with 10% normal goat serum for 30 min and incubated in the rabbit polyclonal AR antibody N-20 (0.5 µg/ml; Santa Cruz Biotechnology, Inc) at 4°C for two days. This antibody was developed against the human AR and has been validated extensively by preadsorption of the antibody with the antigen, western blotting, and other controls (Chlenski et al., 2001; McKinnell et al., 2001; Wu and Gore, 2009 ). In zebra finch brain tissue, no labeling was observed when the primary antibody was omitted.
The slides were then washed in PBS and incubated in biotinylated anti-rabbit immunoglobulin G (IgG, 1:600, Vector Laboratories, Burlingame, CA) for 1 h followed by rinsing in PBS. The tissue was then incubated in ABC (Elite kit, Vector Laboratories) for 1 h. The slides were rinsed in PBS and developed using NovaRED chromogen (Vector). Slides were rinsed, dehydrated with 70%, 95% and 100% ethanol and then cleared with Citrisolv (Fisher Scientific), and coverslipped with VectaMount (Vector).
Stereological analysis
Slides were analyzed by an individual blind to sex of the birds. HVC was analyzed in six males and six females. Quantitative analyses were done using Stereo Investigator® software (version 8, MicroBrightField, Williston, VT). To obtain a total estimate of cells (single labels for AR and SNX2, and doublelabeled) HVC was traced on one side of the brain (randomly chosen) in one series of sections (120 µm apart) throughout the rostro-caudal extend of the brain region. Closed contours were drawn around HVC at low magnification (4× objective) using an Olympus BX-51 microscope. Section mount thickness was measured within the contour. A buffer zone at the top of the tissue, where the slice thickness is most likely to have been affected by tissue processing and is not representative of the tissue specimen from the volume, was set at 2 µm in all cases. The Stereo Investigator software randomly placed 200 µm × 125 µm grids ("dissector frames") within each contour. The DIG-SNX2 and NovaRed-AR nuclei were individually counted within 40 µm × 40 µm counting frames ("optical dissectors"). Only cells that came into focus and fell entirely within or touched the top or right lines of the frame were counted. These criteria insured that the same cells would not be included twice. The coefficients of error and variation of the estimates were calculated as per Schmitz and Hof (2000) . They never exceeded 0.10. Densities of labeled cells of each of the three types were calculated by dividing the estimated total number by the estimated HVC volume for each animal. Percentages of double-labeled (AR + SNX2) cells were also calculated for each individual. Labeling in Area X was quantified in seven birds of each sex. The procedure was identical to that described above for HVC with the following exceptions. Area X is not detectable in female zebra finches, so contours could not be drawn and estimates of total cells could not be obtained for them. Thus, only sex differences in densities and percentages of labeled cells were analyzed. Densities of labeled cells were quantified using a 103,479 µm 2 box without knowledge of the sex of each animal. For animals in which an Area X could be identified, the box was placed near its center on one side of the brain in three consecutive sections near the middle of the rostro-caudal extent of the brain region. For birds in which Area X could not be detected, the same size of rectangle was put in the equivalent portion of the striatum, based on external landmarks. The Stereo Investigator software randomly placed 100 µm × 100 µm grids within each rectangle. Within these dissectors, the DIG-stained SNX2 or NovaRed-labeled AR nuclei were counted within a 50 µm × 50 µm counting frame. In this brain region, densities were calculated by dividing the estimated number of each of the cell types by the estimated volume across the three sections quantified (in all cases 0.0020696 mm 3 ).
Statistical analysis
Statistical analyses were done using SPSS (17.0; SPSS Inc., Chicago, Illinois). Sex differences were evaluated for estimates of total numbers of AR, SNX2 and AR+ SNX2 labeled cell in HVC, densities of cells containing each of these labels in HVC and Area X, and percentages of double-labeled cells in both brain regions. Bonferroni corrections were used. Based on eight tests in HVC, α = 0.0063; for the five tests in Area X, α =0.01.
